Background: Hepatitis C virus (HCV) subgenotypes 1a and 1b have different impacts on the treatment response to peginterferon plus ribavirin with direct-acting antivirals (DAAs) against patients infected with HCV genotype 1, as the emergence rates of resistance mutations are different between these two subgenotypes. In Japan, almost all of HCV genotype 1 belongs to subgenotype 1b.
Introduction
Hepatitis C virus (HCV) infection causes acute and chronic hepatitis, cirrhosis and hepatocellular carcinoma [1, 2] . Worldwide, approximately 170 million people are chronically infected with HCV [3] . HCV is a single-stranded RNA virus 9600 nt in size, and it belongs to the Flaviviridae family. HCV genomes are translated into a single open reading frame of 3000 amino acids, and by cellular and viral encoded-protease are processed into structural (core, E1, E2 and p7) and nonstructural proteins (NS2, NS3, NS4A, NS4B, NS5A and NS5B) [4] . HCV is classified into six major genotypes and there are nucleotide differences between HCV genotypes at more than 30%. HCV subgenotypes such as 1a and 1b in HCV genotype 1 also exist, and they are typically different from each other at 20% to 25% of nucleotides [5] .
Standard of care (SOC) for chronic hepatitis C is based on a combination of pegylated-interferon and ribavirin for 48 weeks, which leads to only ~50% sustained virological response (SVR) in patients with HCV genotype 1. Contrary to HCV genotype 1, SOC for 24 weeks leads to 70~80% SVR in HCV genotype 2-or 3-infected individuals [4] . Thus, there are differences in treatment response among HCV genotypes.
Recently, two direct-acting antivirals (DAAs) against HCV, telaprevir and boceprevir, were introduced, and they are now available in combination with peginterferon plus ribavirin for treatment of chronic hepatitis C [6] . The addition of these protease inhibitors to SOC leads to significantly higher SVR rates than SOC only in previous-treatment relapsers and untreated patients infected with HCV genotype 1 [6] . It is well known that telaprevir-and boceprevir-based therapies are relatively more effective in HCV subgenotype 1b patients than in those with HCV subgenotype 1a [7, 8] . Although we expect to be using other DAAs and interferon-free regimens for therapies of chronic hepatitis C in the near future, the treatment response rate might be low in HCV subgenotype 1a compared to HCV subgenotype 1b infection [9, 10] . Thus, HCV genotype or subgenotype is one of the predictors of the response to antiviral therapy.
In Japan, the proportions of HCV genotypes 1 and 2 are 70% and 30%, respectively. The prevalence of HCV subgenotype 1a in HCV genotype 1, after excluding patients with hemophilia, was reported to be ~1% [11] . However, it is possible that nonresponder patients might be associated with HCV subgenotype 1a in Japan. Therefore, it seems important to distinguish between HCV subgenotypes 1a and 1b in Japan as well as in other countries.
To reveal the current prevalence of HCV subgenotype 1a in Japanese HCV genotype 1-infected individuals, we examined HCV subgenotypes 1a and 1b. We also examined the method for identifying HCV genotypes by real-time PCR-based method in the HCV NS5B region [12] and analyzed the specific probe region for HCV subgenotypes 1a and 1b using ultra-deep sequencing.
Results

Subgenotyping by one-step real-time PCR with MGB probe in the HCV NS5B region
In the present study, HCV genotypes of all samples were determined by the antibody serotyping method of TukiyamaKohara et al. [13, 14] . According to this assay, HCV serotypes 1 and 2 correspond to HCV genotypes 1a/1b and 2a/2b [5] . The clinical background of 80 patients was shown in Table 1 . All but 2 patients had high viral loads. First, all 80 patients were Japanese, and their HCV subgenotypes were determined by real-time PCR-based method with MGB probe in the HCV NS5B region [12] . HCV subgenotypes were determined in 74 of the 80 patients: 4 (5.0%) and 70 (87.5%) were classified into HCV subgenotypes 1a and 1b, respectively. HCV subgenotypes remained undetermined by this method in the other 6 patients (7.5%).
Comparison of the result from HCV subgenotyping by real-time PCR-based method in the HCV NS5B region and that from direct-sequencing by Sanger method in Japanese patients infected with HCV genotype 1
It has been reported that the prevalence of HCV subgenotype 1a was ~1% in Japan [11] . Our result from the real-time PCR-based subgenotyping method suggested that this prevalence might be a little higher although our study population of 80 patients was too small to be considered representative. We tried to perform direct-sequencing by the Sanger method in 10 patients: 4 with HCV subgenotype 1a and 6 with undetermined HCV subgenotypes by real-time PCRbased method [12] . Because the PCR product in 1 of the 4 HCV subgenotype 1a patients could not be amplified, this patient was excluded (Table 2, patient No. 69).
TaqMan MGB probes exhibit great differences in Tm values between matched and mismatched probes, providing more accurate allelic discrimination and making for a more sensitive real-time assay [12] . Thus, we then performed directsequencing by the Sanger method in 9 patients. As shown in Table 2 , only 1 of three patients classified into HCV subgenotype 1a by real-time PCR-based method [12] was confirmed to be HCV subgenotype 1a ( nucleotide site 8917 and 8918 (reference to Con1), respectively (Table 3) .
Phylogenetic tree analysis.
We also constructed a phylogenetic tree based on the 9 patients' sequences of about 424 bp length containing the HCV NS5B probe region obtained using direct-sequencing by the Sanger method. The phylogenetic tree showed that only one patient, No. 74, belonged to HCV subgenotype 1a, while the others all clustered to HCV subgenotype 1b ( Figure 1 ). (Table 4) .
Even in the HCV subgenotype 1a isolate, analysis of ultradeep sequences showed one nucleotide sequence variation (1%), compared to MGB probe sequence, according to HCV H77 (Table 4) . We also compared nucleotide sequence variations between MGB probe and non-MGB probe regions (data not shown). In 8 HCV subgenotype 1 patients, we found no difference in nucleotide sequence variations per site between MGB probe and non-MGB probe regions (0.16 + 0.14 vs. 0.074 + 0.029, P = 0.11).
Discussion
In the present study, we used a novel HCV subgenotyping method based on real-time PCR [12] in Japanese patients infected with HCV genotype 1. Real-time PCR-based HCV subgenotyping method seems fair for differentiating the HCV subgenotypes 1a and 1b. But it might not be good enough for clinical practice, as HCV subgenotypes were only determined in 74 of 80 patients (92.5%), despite our study population being small. As direct-sequencing could only apply to cases in which the PCR products were obtained by RT-PCR methods, realtime PCR-based HCV subgenotyping method might be useful if the PCR products cannot be amplified.
Ultra-deep pyrosequencing is a promising technology for characterizing and detecting minor variants and drug resistant variants [15] . Pyrosequencing could be useful for cost-effective estimation of drugs for treatment and disease controls [16] . We also performed analysis of ultra-deep sequences in the probe region of HCV NS5B. In comparison with direct-sequencing by the Sanger method, we found other changes of nucleotide sequences in this region. It is possible that these variations might have some effects on the results by the real-time PCRbased HCV subgenotyping method. Our results support the previous studies showing that ultra-deep sequencing technologies are powerful tools for obtaining more profound insight into chronic HCV infection [17] [18] [19] . Our study also showed that analysis of ultra-deep sequences provided additional information that we could not obtain using directsequencing by the Sanger method. We also found minor sequence variations (1%), although we do not know whether these sequences are significant or what roles they play at this time. Further studies will be needed.
We estimated the prevalence of HCV subgenotype 1a at 1.2-2.5% of HCV genotype 1 patients in Japan. It is well known that some patients treated with telaprevir experienced viral breakthrough with telaprevir-resistant strains, most of which harbored the R155T/K mutations. Only a single nucleotide change is needed to produce the amino acid change at codon 155 in HCV subgenotype 1a, while two nucleotide changes are required in HCV subgenotype 1b. This might be one of the reasons why resistance mutation was selected more frequently in HCV subgenotype 1a than in HCV subgenotype 1b in the case of telaprevir use [20] , although in the ELECTRON study of NS5B inhibitor sofosbuvir, no differential resistance was observed between genotypes 1a and 1b despite 89% of the subjects being the HCV genotype 1a population [21] . Of interest, it has been reported that there are different impacts of IL28B variants on the treatment response to SOC between HCV subgenotype 1a and 1b strains together with HIV coinfection [22] . It will be important to determine HCV subgenotype 1a or 1b before commencing treatment for HCV genotype 1.
It was reported that Versant HCV genotype assay (LIPA version.1 probe assay based on 5' UTR, Siemens, Tarrytown, NY, USA) could not determine HCV subgenotypes in 23% of HCV-infected patients in Brazil [12] . Thomas et al. reported that upgrading LIPA to the newer version 2.0 assay resulted in an increase in identification of genotype 1a by 18.5% [23] . Improved technology of HCV genotyping and subgenotyping could lead to accurate HCV genotype identification and HCV subtyping. Ultra-deep sequencing is useful for revealing the mutations in viral genome of HCV-infected individuals. However, it might not be useful as a method for differentiating HCV subgenotype 1a and 1b, although their combination as well as next-generation sequencing [24] could perhaps lead to better results in the determination of HCV subgenotypes. It could be used to find the resistant strain(s) of HCV before DAA treatment and mixed infection with different genotypes or subgenotypes of HCV, although Akuta et al. [25] reported that it was difficult to predict at baseline the emergence of telaprevirresistant variants after commencement of therapy in prior nonresponders of HCV genotype 1, even with the use of ultra-deep sequencing.
It was reported that phylogenetic analysis revealed different clusters between the HCV subgenotype 1b strains obtained in Japan and those in Brazil [26] . In fact, the distribution of HCV genotypes differs in various countries [27] . The discrepancy between the results of the present and previous studies [12] might be due to the differences between HCV subgenotype 1b strains in Japan and in Brazil.
In conclusion, the method for identifying HCV subgenotype 1a or 1b by the real-time PCR-based method in the HCV NS5B region was examined in Japanese patients infected with HCV genotype 1, and we estimated a 1.2-2.5% prevalence of HCV subgenotype 1a among HCV genotype 1 patients in Japan. We also analyzed the specific probe regions for HCV subgenotypes 1a and 1b, of which we could not determine HCV subgenotypes using specific probes, and uncovered the mutations that direct-sequencing by the Sanger method could not reveal, existing in their probe regions using ultra-deep sequencing. Ultra-deep sequencing is useful for revealing the resistant strain(s) of HCV before DAA treatment as well as mixed infection with different genotypes or subgenotypes of HCV.
Materials and Methods
Patients
Sera from 80 consecutive treatment-naïve chronic hepatitis C genotype 1 patients with well-characterized clinical follow-up were selected from a chronic hepatitis C database at Chiba University Hospital, Chiba, Japan. All patients were negative for hepatitis B and HIV antibodies. Sera from patients were stored at -20°C until analysis. This study was approved by the Ethics Committee, Chiba University, Graduate School of Medicine, Chiba, Japan (permission numbers 1462 and 282), and conformed to the Helsinki Declaration. Written informed consent was obtained from all patients before enrollment in this study.
RNA extraction
Total RNA was extracted from 140 µL of each serum sample using a QIAamp Viral RNA Mini Kit (Qiagen, Tokyo, Japan) according to the manufacturer's instructions. RNA was eluted in 60 µL of elution buffer and quantified using a NanoDrop Lite spectrophotometer (Thermo Scientific, Madison, WI, USA).
HCV subgenotyping by real-time PCR-based methods in the HCV NS5B region
Reactions were performed in a final volume of 50 µL using the Superscript™ III Platinum one-step quantitative RT-PCR system (Invitrogen, Carlsbad, CA, USA) as previously described [12] . The designed primers and MGB probes shown in Table 5 and the real-time PCR HCV subgenotyping protocol were used according to the previous description [12] 1a or 1b) . A final F2 volume of 10 µL was transferred to another optical tube. After the addition of 19 µL of RNA, F1 was carefully added to F2. Reverse transcription was carried out in a TakaRa PCR Thermal Cycler (TaKaRa, Ohtsu, Shiga, Japan) at 55°C for 35 min with the thermocycler cover open. Following this, the tubes were briefly centrifuged and real-time PCR was carried out in a 7300 Real-Time PCR System (Applied Biosystems, Foster, CA, USA) using the following cycling parameters: 50°C for 2 min; 95°C for 10 min; and 40 cycles at 95°C for 15 sec, 50°C for 30 sec, and 60°C for 1 min. The total time required for performing this assay was only 2 hours, as previously described [12] .
cDNA synthesis and amplification by PCR for ultradeep sequencing
To perform ultra-deep sequencing of the MGB probe region in HCV NS5B, we used the HPLC-purified specific primers shown in Table 6 . cDNA was synthesized with R56_1 (antisense) for 1 cycle at 55°C for 30 min and 85°C for 5 min using a Transcript high-fidelity cDNA synthesis kit (Roche, Tokyo, Japan). Then amplification was performed with Pr1 (sense) and R56_1 (antisense) for 35 cycles at 95°C for 30 sec, 55°C for 30 sec, and 72°C for 60 sec using a FastStart high-fidelity PCR system, dNTPack kit (Roche).
Then, the first PCR product was further amplified with two inner primer sets using the FastStart high-fidelity PCR system, dNTPack kit (Roche). Set one was Pr2 (sense primer) and R56_1 (antisense primer), and the other was Pr1 (sense primer) and Pr2 (antisense primer). Considering the MGB probe locations at nt 8913-8926(1a) in reference sequence HCV subgenotype 1a, strain H77 (AF009606.1), and nt8910-8923(1b) in reference sequence HCV subgenotype 1b, strain Con1 (AJ238799.1), primer set one was used for PCR. The PCR conditions were as follows: 35 cycles at 95°C for 30 sec, 55°C for 30 sec, and 72°C for 60 sec. Amplified products were separated by agarose gel electrophoresis and purified using a high pure PCR clean-up micro kit (Roche). Each amplicon was quantified using a NanoDrop Lite spectrophotometer (Thermo Scientific), and all amplicons from a single viral genome were pooled together at equimolar ratios. Each pool was then quantitated, and approximately 500 ng of each was used in a fragmentation reaction mix using a GS FLX Titanium Rapid Library Preparation Kit (Roche). Final libraries representing each genome were characterized for average size by using an Agilent High Sensitivity DNA kit on Agilent 2100 Bioanalyzer (Agilent Technologies, Loveland, CO, USA). 4 x 10 7 molecules of these final DNA libraries were then subjected to emulsion PCR, and enriched DNA beads were loaded onto a picotiter plate and pyrosequenced with a Roche/454 GS Junior sequencer using Titanium chemistry (454 Life Sciences Corp., Branfold, CT, USA). GS Amplicon Variant Analizer Version 2.7 (Roche) was used for read mapping and calculating variant frequencies at each nucleotide position according to reference sequence HCV subgenotype 1a, strain H77 or HCV subgenotype 1b, strain Con1.
Direct-sequencing by Sanger method
Then, we amplified the first PCR product using primer set one and TaKaRa Ex Taq (TaKaRa). The PCR conditions were as follows: 40 cycles at 98°C for 10 sec, 55°C for 30 sec, and 72°C for 60 sec; the last cycle followed at 72°C for 7 min. Sanger sequencing was performed using a BigDye(R) Terminator v3.1 Cycle Sequencing Kit (Life Technologies, Tokyo, Japan). Sequences were detected using Applied Biosystems 3730xl. Nucleotide sequences were analyzed by GENETYX 10 (GENETYX Corp., Tokyo, Japan) and imported to MEGA version 4 [28] , which was used to align the sequences, according to reference sequences.
Construction of phylogenetic trees
A fragment of about 424-bp length containing the HCV NS5B region was used for phylogenetic analysis. Phylogenetic trees were inferred using the Neighbor-Joining (NJ) model and robustness of the tree branches was tested using bootstrap analysis (500 replicates) with MEGA version 4 [28] .
Nucleotide sequence accession number
All sequence reads have been deposited in the DNA Data Bank of Japan (DDBJ) Sequence Read Archive under accession number DRA001077.
Statistical analysis
Data were expressed as mean + standard deviation. We used univariative analyses, applying Student's t-test or Chisquare test as appropriate. P 0.05 was considered statistically significant.
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